Introduction
Dictyostelium discoideum is a solitary amoeba and develops into a multicellular fruiting body that consists of two distinct types of differentiated cells: the stalk and the spore [Kessin, 2001] . In Dictyostelium , transformation is a standard technique for investigating gene function [Knecht and Pang, 1995] . The recent completion of the sequencing of its genome has accelerated the molecular genetical approach using this microorganism [Eichinger et al., 2005] . Generally, the transformation efficiency has been of relatively minor importance in most experiments because only a few clones are sufficient for the necessary analysis. However, for the largescale isolation of primary transformants, as in the case of random selection of gene-tagging mutation by random restriction enzyme-mediated integration [Kuspa and Loomis, 1992] , and for the complementation of a mutant strain, a high yield of independent transformants is indispensable. It has been reported that Dictyostelium cells exhibit a homologous recombination efficiency that is sufficiently high to ensure simultaneous homologous recombination of multiple genes [Betapudi et al., 2004] . However, during certain experiments for gene disruption, many researchers have occasionally observed that even a single gene-disrupted cell can be difficult to isolate, presumably due to the low frequency of homologous recombination in the targeted gene. In this case, it becomes very difficult to decipher whether the gene disruption will end in the death of the cell or whether the isolation of gene-disrupted cells can be achieved by raising the yield of transformation.
Many attempts have been made to improve the yield of transformants. Cells in S or early G2 phases in the cell cycle have higher transformation competence than in the other phases of the cell cycle [Nellen and Saur, 1988] . The oscillating electroporation technique was compared experimentally to exponential decay electroporation, and was demonstrated to result in a 20-fold increase in the efficiency of transformation [Alibaud et al., 2003] . However, these approaches did not yield any significant increase in the homologous recombination efficiency.
Previously, it was reported that DNA binds natural clay minerals and that this facilitates the transformation of DNA in a microorganism [Khanna and Stotzky, 1992] . Interestingly, Khanna and Stotzky demonstrated that natural minerals increase the resistance of bound DNA to degradation by DNase I. In this study, we focused on the use of deep sea water (DSW) as a natural solvent and demonstrated that the modification of the solvent medium from ultrapure water to desalted DSW effected substantial improvements in both transformation and homologous recombination efficiencies. This is probably due to the minor substances dissolved in desalted DSW.
Results

Increase in Transformation Efficiency in DSW Medium
In order to improve transformation conditions, we focused on investigating the use of desalted DSW instead of our usual solvent medium -ultrapure water -for the process of transforming Dictyostelium cells. The transformation was carried out using the standard electroporation technique described in Experimental Procedures. The ingredients of the standard medium used for culturing Dictyostelium cells were dissolved in DSW HL5dsw or ultrapure water HL5upw, and both media were autoclaved. The media were used for culturing the cells and were spiked with blasticidin S for selecting the transformants. On using the extrachromosomal vector, pHK12bla, the number of isolated transformants in HL5dsw was observed to be approximately 2.7-fold greater than that in HL5upw ( fig. 1 ) .
The gene gbfA encodes the transcription factor G boxbinding factor, which is important for cell aggregation. Therefore, its null mutant is defective in effecting the postaggregation process [Schnitzler et al., 1994] . Both ctxA and ctxB genes encode cortexillin that binds actin bundles, and both are related to the process of cytokinesis occurring at the cell cortex [Faix et al., 1996] . We selected these genes for testing the effect of DSW on transformation and homologous recombination, because these genes had been very difficult to target by our previous transformation procedure using ultrapure water. On using the gbfA gene disruption construct ( fig. 2 a) , it was observed that the yield of transformants using HL5dsw was significantly increased by approximately 3.3-fold relative to that when using HL5upw ( fig. 2 b) . On the other hand, the transformation efficiencies for ctxA and ctxB were not increased as significantly as that of gbfA but were only slightly enhanced in HL5dsw ( fig. 2 b) . These results indicate that DSW enhanced the cellular uptake of the exogenous DNA vector, although the extent of integration of the DNA fragments into the genome varies depending on the constructs. 
Increase in Homologous Recombination Efficiency in DSW Medium
Next, the effect of desalted DSW on homologous-recombination efficiency was investigated. During gbfA gene targeting, the average homologous recombination efficiency was increased by approximately 4.5-fold in HL5dsw ( fig. 2 c) . The increase in the homologous recombination efficiency of ctxA was comparable to that of gbfA . On the other hand, the homologous recombination efficiency of ctxA was observed to have increased more dramatically as compared to that of ctxB . These results indicate that the DSW significantly facilitated the homologous integration of the exogenous DNA fragment into the genome.
Furthermore, considering the increase in the transformation efficiency ( fig. 2 b) , we calculated that the average number of gene-targeted clones per one transformation was raised by approximately 15-, 8-, and 5-fold during the targeting of the genes gbfA , ctxA , and ctxB , respectively.
Effect of Growth and Selection in DSW Medium on Transformation Efficiency
The transformation protocol employed, using HL5 as the medium, contains two distinct steps: culturing cells (before transformation) and selecting transformants by checking for drug resistibility (after transformation). In order to determine at which step the DSW influenced the transformation efficiency, we replaced the HL5 media before and after electroporation. When the DSW medium was supplied only during the growth of transforming cells or only during the selection of transformed cells, in both cases, the transformation and homologous recombination efficiencies were significantly increased using the extrachromosomal vector pHK12bla and the gene disruption construct, respectively ( fig. 3 a-c) . Furthermore, culturing the cells in HL5dsw prior to transformation was more influential than during the drug selection after transformation. These results indicate that culturing cells in DSW medium was more important for cellular entry and genome integration of vector DNA, than for the maintenance of transformed cells during drug selection.
Growth and Cellular Recovery of Dictyostelium Cells in the DSW Medium
The fact that DSW significantly increased the transformation and homologous recombination efficiencies could be explained by the increased recovery and growth of the electroporated cells; in HL5dsw, the cells exhibited faster growth rates in the exponential phase and reached higher cell densities in the stationary phase than in HL5upw ( fig. 4 a) . Furthermore, the survival rate of electroporated cells in HL5dsw was also improved by approximately 1.3-fold ( fig. 4 b) . These results suggest that the increase in transformation efficiency caused by DSW was partially due to the improved growth and survival rates.
Discussion
In this study, the positive effects of using DSW as a solvent medium on transformation were reported. It is generally acknowledged that both the exponential growth of cells before electroporation and good initial growth condition after electroporation are important for high efficiency. Thus, it is presumed that the small difference in growth rate observed in figure 4 a would be sufficient to facilitate an increase in transformation efficiency. However, prolonged incubation of the electroporated cells in the HL5upw selection medium did not increase the number of transformants (data not shown). Therefore, it is presumed that DSW influences the transformation efficiency directly, rather than via growth. One explanation for this may be that DSW contains factors that enhance the uptake of DNA and homologous recombination; the cations that are dissolved in DSW are potentially good candidates. The DSW used in this study is desalted water; however, it contains approximately 2.4 m M Na + ions, 0.6 m M Ca 2+ ions, 0.7 m M K + ion, and 2.4 m M Mg 2+ ions (calculations are based on the manufacturer's data; http:// www.marine-gold.co.jp/shop/marinegold300/index. html). However, the addition of the above-mentioned concentrations of these minerals, such as chlorinated salt, to HL5upw did not increase the transformation efficiency when the extrachromosomal vector, pHK12bla (data not shown) was used. This result indicates that an unidentified minor factor(s), possibly cell permeable and DNA-binding, is likely to be the key mediator of the enhanced transformation and homologous recombination efficiencies.
We used an ECM 830 electroporator (BTX) and conducted 15 successive square pulse electroporations. This may be a rather unusual condition for Dictyosteliu m transformation because gene pulsers (Bio-Rad) are the standard equipment used for electroporation in most laboratories that conduct Dictyostelium research. We have used a gene pulser with a standard Dictyostelium transformation protocol and confirmed that there was an effective increase in the transformation efficiency when the extrachromosomal vector and the gene-targeting constructs were used (data not shown).
The use of DSW raised the yield of transformants in other Dictyostelium strains (KAX3, AX4 -data not shown) and in a non-axenic strain, V12M2, when used in conjunction with different gene-targeting constructs [Muramoto and Urushihara, 2006] . Furthermore, during random mutagenesis employing random restriction enzyme-mediated integration, we observed the upregulation of the yield and variation in the primary transformants (data not shown).
Experimental Procedures
Materials DSW, Marine Gold 300, was supplied by the Marine Gold Corp. (Muroto City, Kochi, Japan), type I ultrapure water was obtained from Millipore Corp. (Billerica, Mass., USA), and blasticidin S was purchased from Funakoshi Corp. (Tokyo, Japan).
Cell Culture and Transformation
The HL5 medium for culturing D. discoideum AX2 cells was prepared by dissolving 15.4 g glucose, 7.15 g Difco yeast extract, 14.3 g Difco proteose peptone, 0.485 g KH 2 PO 4 , and 1.28 g Na 2 HPO 4 ؒ 12 H 2 O in either the DSW (Marine Gold 300, HL5dsw) or the type I ultrapure water HL5upw obtained by using the Millipore filtration system. For the measurement of growth rate, the cells were inoculated at a density of 1.0 ! 10 6 cells/ml in 20 ml HL5upw or HL5dsw and shaken in a 100-ml flask at 120 rpm at 21 ° C. Electroporation was carried out using an ECM 830 square pulse electroporator (BTX) using 400 l of 5 ! 10 7 cells in electroporation buffer (10 mm NaPO 4 , 50 mm sucrose, pH 6.1, in ultrapure water) in a 2-mm gapped cuvette under the following conditions: 500 V, 100 s, 15 times with 1-s intervals [Kuwayama et al., 2002] . Either 1 g of the extrachromosomal vector, pHK12bla, which contains a multicloning site in the MB12n plasmid [Linskens et al., 1999] or 10 g of gene-targeting construct for gbfA , ctxA , and ctxB was used. Following electroporation, the cell suspension was incubated at 21 ° C for 15 min with 4 l of 100 mM CaCl 2 and MgCl 2 , and then 40 ml of HL5upw or HL5dsw was added to the electroporated cell suspension. In order to ensure the clonal isolation of the primary transformants and to evaluate the transformation efficiency, the cell suspension was immediately divided into 100-l aliquots and dispensed into the wells of four 96-well culture dishes. The dishes were incubated for 24 h at 21 ° C followed by the addition of 100 l of 20 g/ml blasticidin S. The dishes were incubated for a further 1 week until the clones became detectable as cell spots in each well. For measuring the survival rate, the electroporated cell suspension containing 1 g of the extrachromosomal vector was diluted 107-fold by successive dilutions with HL5upw or HL5dsw and a 100-l aliquot that did not contain the selective drug was further divided and dispensed into four 96-well dishes at 21 ° C for 1 week. In gbfA , gene disruption was examined by the phenotypic assessment of primary transformants; this was performed by plating the isolated clones on a 5LP agar plate (0.5% lactose, 0.5% Bacto Peptone and 1.5% Difco agar) with Escherichia coli B/r as the food source.
Gene Disruption Construct and PCR
The gene disruption construct for gbfA (Entrez Gene ID 3388141) was synthesized by a polymerase chain reaction (PCR)-dependent technique [Kuwayama et al., 2002] . Briefly, the 5 -flanking region of the construct was amplified with two primers, 5 -CATGAGTAACTCAAATAATAATAG-3 and 5 -GTAAT-CATGGTCATAGCTGTTTCCTGCAGCTGCTTCATTA-CAACGAG-3 . The 3 -flanking region of the construct was amplified with primers, 5 -CCTTGAAAAGATGTGCATATGGAT-3 and 5 -CACTGGCCGTCGTTTTACAACGTCGACTATTACC-AAAATGCAACAAG-3 . The bsr cassette in the multicloning site of pUCBsr ⌬ Bam [Adachi et al., 1994] was amplified using the primer pair 5 -CTGCAGGAAACAGCTATGACCATGATTAC-3 and 5 -GTCGACGTTGTAAAACGACGGCCAGTG-3 , both of which are complementary to the two underlined regions, respectively. The three amplified fragments were subjected to fusion PCR that produced the required gene-targeting construct (fig. 2a) . The gene-targeting constructs were cloned using a TOPO TA cloning kit for sequencing (Invitrogen Corp., Calif., USA).
The genomic regions of ctxA (Entrez Gene ID 3387750) and ctxB (Entrez Gene ID 3394130) open reading frames (ORFs) were obtained by PCR amplifications using the primers 5 -ATGGCAG-GTAAAGATTGGG-3 and 5 -TTATTTTTTTGATTTTGATG-3 for ctxA and the primers 5 -ATGGATTTAAATAAAGAATG-3 and 5 -TTATTTTTTAGCAGCAGCTT-3 for ctxB . The PCR fragments were cloned with the TOPO TA cloning kit for sequencing, and the bsr cassette was inserted into MfeI site at the 655th bp from the 5 -end of the ctxA genomic clone and Hind III site at the 721st bp from the 5 -end of the ctxB genomic clone.
During transformation, the gene-targeting constructs were amplified by PCR using up to 10 g of the outermost primers for one transformation and the cloned vectors as templates. The gene disruption of ctxA was confirmed by PCR using primers designed to be homologous to the bsr gene (5 -AAGTAGCGACAGAGAA-GATT-3 for ctxA and 5 -GGGTATATTTGAGTGGAATG-3 for ctxB ) and downstream of the 3 -end of the ctxA (5 -AATTAGGT-TATCATTGTACAAG-3 for ctxA ) or ctxB (5 -AATAATGGC-CATTATTGAGGG-3 for ctxB ) clones. The genomic DNA from each transformant was used as a template.
